The marine magnetotelluric (MT) method is a useful tool for offshore studies aimed at, for 11 example, hydrocarbon exploration and the understanding of Earth's tectonics. Marine MT data are 12 often distorted by coastlines because of the strong resistivity contrast between the conductive 13 ocean and the resistive land. At mid ocean ridges, the resistivity of Earth's structure can be 14 assumed to be two-dimensional (2D), which allows MT data to be decomposed into a transverse 15 electrical (TE) mode, with electric current flowing approximately along the ridge, and a transverse 16 magnetic (TM) mode, with electric current flowing perpendicular to the ridge. We collected marine 17 MT data at the middle Atlantic Ridge which exhibited highly negative TM-mode phases, as large 18 as -180°, at relatively high frequencies (0.1 to 0.01 Hz). Similar negative phases have been 19 observed in other marine MT datasets, but have not been the subject of study. We show here that 20 these negative phases are caused by a newly distinguished coast effect. The TM-mode coast effect 21 is not only a galvanic effect, as previously understood, but also includes inductive distortions. Confidential manuscript submitted to Geophysical Journal International 2 mode negative phases are caused by the turning of the Poynting vector, the phase change of 23 electromagnetic fields, and vertically flowing currents in the sea floor. The findings provide a new 24 understanding of the TM-mode coast effect, which can guide our ability to fit the field data with 25 the inclusion of coastlines, and reduce misinterpretation of the data in offshore studies. The study 26 also shows that the TM-mode coast effect is sensitive to the depth and conductivity of the 27 asthenosphere, an important feature of the Earth's interior that was the object of our Atlantic Ocean 28 study. 29
INTRODUCTION 33
The marine magnetotelluric (MT) method, using natural-source signals, plays an important role in 34 our understanding of Earth's interior at mid-ocean ridges (e.g. Key et al. 2013) , hotspots (e.g. Before we quantitatively model our MT data from the MAR, which likely will require 3D 87 inversions to fully capture the geometry of the coast and seafloor structure, we seek to understand 88 the physics of the TM-mode negative phases. As we explain above, it is likely that our inversions 89 will need to be guided by our understanding of the physics. At this time, no publicly available 3D 90 code can handle the bathymetry and distant coastlines required by our dataset. We therefor use 2D 91
Confidential manuscript submitted to Geophysical Journal International 5 modeling due to its availability and efficiency, and the TE and TM-mode physics can separate in 92 2D models. The physics is similar in 3D structure, but intermingled. In this study, TM-mode data 93 are modeled with simple 2D ocean models, and the physics behind the TM-mode negative phases 94 is examined using the Poynting vector, electromagnetic (EM) fields, and electric current density. 95
We also investigate the influence of model parameters of seawater depth and oceanic lithosphere 96 and asthenosphere on the TM-mode coast effect. 97 98
METHODS 99
In the frequency domain, the observed MT electric fields (Ex, Ey) and MT magnetic fields (Hx, Hy) 100 are related through the frequency-dependent impedance tensor Z given as 101
102 where a Cartesian coordinate system is used in which x represents strike direction, y profile 103 direction, and z positive downwards. 104
In 2D media, the diagonal components of Z are zero, and the off-diagonal components Zxy 105 and Zyx can be used to define apparent resistivities (r #$/$# ) and phases ( #$/$# ) of TE and TM-106 mode, respectively, as 107
108
where is permeability, and is angular frequency. 110
Confidential manuscript submitted to Geophysical Journal International 6 The EM energy diffusion and propagation path can be illustrated using the complex 111
Poynting vector (Stratton 2015) : 112 The current density in the yz-plane is given by 120 The frequency-dependence feature is more obvious when the apparent resistivities and 152 phases of thirteen frequencies are compared (Fig. 3) . TM-mode apparent resistivities are more 153 strongly depressed than TE-mode ones (Figs 3a and b). TE negative phases exist mainly at the 154 positions close to the coastline (Fig. 3c) , and TM-mode negative phases exist, however, at a 155 surprisingly large distance, as much as 800 km (Fig. 3d) . Thus, the TM-mode coast effect at low 156 frequencies is expressed mainly as depressed apparent resistivities, but is expressed as depressed 157 apparent resistivities and negative phases at relatively high frequencies (Figs 2 and 3) . 158
Noticeably, the TM-mode negative phases and relatively high apparent resistivities at high 159 frequencies (Figs 3e and f) are able to approximately represent the phenomenon we observed in 160 our field data (Figs 1b -d). The reason we cannot accurately model the field data is that both the 161 coastline and bathymetry have some 3D effects we cannot fully capture in the 2D modeling. 162 163
Physics behind TM-mode negative phases 164
The turning of the Poynting vector direction, originated from the top of the model and 165
shown as bending white streamlines in Figs 2 and 4, is related to the TM-mode negative phases. 166
The Hx field is enhanced in the seafloor near to the coast due to induction ( (Fig. 4d shows the 177 phase of -Hx). The phase reversal of TM-mode data is related to the phase changes of the Hx and 178
Ey fields (Figs 4d and e) . This is a similar phenomenon to the phase reversal observed in TE-179 mode data, which is related to the phase reversal of Hy field. 180
Extracting the real component of the complex-valued current density to obtain physical 181 information may potentially lead to a pitfall based on a recent study (Raziman & Martin 2016) . 182
However, this is a way to illustrate the currents when they are complex-valued and have two spatial (Fig. 5b) is negligible compared to the conduction one (Fig. 5a) . 191
In order to illustrate current flows in a clear way, a sketch of current flows is useful (Fig.  192   6 ). No vertical current is generated when current, such as the current C1, flows horizontally without 193 the distortion of the coast (Fig. 6a) . When the coast exists, currents both from ocean (the current 194 C1) and land (the current C2) merge together at the coast and then flow downwards as the current 195 C3 (Fig. 6b) . Since different amount of charges are accumulated at the boundaries of thelithosphere, this can lead to a voltage difference. For example, voltage V2 at the bottom of the 197 lithosphere is higher than voltage V1 at the top of the lithosphere, this can be confirmed in Figs  198 4(b) and (c) at the distances, for example, of 2,000 to 2,500 km at the 20 km depth to shallower 199 depths, especially in Fig. 4(b) . Also, based on Lenz's law, when the magnetic field is decreasing, 200 an induced current should create a magnetic field which has the same direction as the decreasing 201 one. The current C4 is able to play such a role here (illustrated in Fig. 5a ). It seems these currents 202 form a loop, which interestingly fits the explanation of coast effect in Parkinson & Jones (1979) . (Figs 7b-c) . 235
However, it can be less pronounced when the product of the resistivity and thickness of the seafloor 236 (the transverse resistance) is increased (Figs 7d and f) . Whether and where negative phases show 237 up depends on the frequency, the existence of asthenosphere, the resistivity contrast of the 238 lithosphere and asthenosphere, the lithosphere thickness, and the ocean depth. The existence of 239 negative phases indicates inductive distortion, but the position where they occur is related to both 240 inductive and galvanic distortions. 241
The distance to the coast where back propagation of EM energy reaches a maximum can 242 be approximated with the strategy proposed by Cox (1980) , which is = Uℎ W ℎ X X / W m away 243 from coastlines (the resistivity of the ocean, W , is often taken as 0.33 Wm). However, the furthest 244 distance corelated to the negative phases is only around half of L. The low current density under 245 the seafloor is related to the reversal of current directions (Fig. 8) 
Potential problems caused by the coast effect 251
The TM-mode coast effect described here affected the study of Key & Constable (2011) 252 offshore northeastern Japan, as two stations showed a bad data fit for TM-mode phases at high 253 frequencies, (stations s04 and s01 in Fig. 3 of Key & Constable, 2011). Now this coast effect has 254 been identified in our study, future inversions of these, and other, datasets can be guided to fit 255 distorted data, which is otherwise difficult to fit using unconstrained 2D isotropic and anisotropic 256 inversions. Synthetic tests also revealed that it was hard to resolve the real shape of the anomaly 257 in a synthetic model. The main reason this effect has only recently come to our attention is that the 258 early marine MT datasets were collected at relatively low frequencies where this effect is not 259 visible. Using the method of subtracting coast effect proposed by Dosso & Meng (1992) or using 260 the determinant of the impedance tenser for inversion proposed by Pedersen & Engels (2005) to 261
Confidential manuscript submitted to Geophysical Journal International 13 suppress 3D effect might potentially mitigate the influence or part of it, but this will be the subject 262 of another study. 263 264
DISCUSSION AND CONCLUSIONS 265
Like the TE-mode coast effect, the TM-mode effect is frequency-dependent, which is 266 different from what previous studies have assumed. At low frequencies, the TM-mode coast effect 267
shows as depressed apparent resistivities and unaltered phase. At high frequencies at sufficient 268 distance from the coast it shows, however, as depressed apparent resistivities and negative phases. 269 TM-mode negative phases are an obvious feature of inductive distortion. Thus, the coast effect in 270 marine MT TM-mode data is a combination of galvanic and inductive distortions. The TM-mode 271 coast effect exhibits as phase reversal and depressed apparent resistivity at relatively high 272 frequencies caused by the diffusion and back propagation of EM energy, phase change of EM 273 fields due to depression and induction, downward current due to depression, and upward current 274 probably due to induction and voltage difference. The negative phases of TM-mode data exist 275 when the original magnetic source field is attenuated in the ocean, and an induced magnetic field 276 dominates in the lithosphere. Even though we focused on the TM-mode coast effect in marine MT 277 data, the TM-mode coast effect in land MT data and the TE-mode coast effect both in marine and 278 land MT data are shown in the supplementary Video I. 279
A conductive asthenosphere beneath the seafloor can enhance the TM-mode coast effect, 280 since the vertical currents caused by the coast can flow more easily as the conductive layer attracts 281 the current. Furthermore, the TM-mode coast effect is sensitive to the resistivity contrast of the 282 seafloor/lithosphere and the underlying asthenosphere, the lithosphere thickness, and the ocean 283 depth. These indicate that the relatively long period MT data we collected at MAR are sensitive to 284 the LAB, whose depth is still an elusive topic. Thin sheet models often used to model the coastlines 285 and seafloor bathymetry will not work well for the removal of the TM-mode coast effect at 286 relatively high frequencies, since the method is only accurate for long period MT data (Price 1949 ; 287
Ranganayaki & Madden 1980). 288
One should note that the coast effect described by our 2D modeling may not fully explain 289 3D effects in the data, even though the physics is similar and intermingled. We have not yet exactly 290 modeled the coast effect in our field data due to the complicated geometry of coastline and 291 bathymetry. Quantitative interpretation of our data is likely to require a fully inductive 3D model 292 that can accommodate the shape of the coastlines as well as the local MAR geology, which is 293 currently a challenging, perhaps even unsolved, computational problem. 
